In Brief
INTRODUCTION
Organism viability requires faithful chromosome segregation among germline and somatic cells. Chromosome segregation errors can lead to chromosome damage and aneuploidy. Aneuploidy is usually associated with impaired cellular fitness, and indeed when present throughout an organism typically results in embryonic lethality (Hassold and Jacobs, 1984; Williams et al., 2008). However, chromosome missegregation and aneuploidy are also prevalent in cancer, in which aneuploidy is suspected to enhance cellular fitness (Knouse et al., 2017). Although these consequences of aneuploidy are paradoxical at the cellular level, they are uniformly adverse for the organism. As such, chromosome segregation is subject to meticulous execution and stringent regulation.
The central mediators of chromosome segregation are the microtubules of the mitotic spindle and the kinetochores of sister chromatids. Interactions between microtubules and kinetochores drive the partitioning of sister chromatids into separate daughter cells. In order for sister chromatids to segregate properly, their kinetochores must attach to microtubules emanating from opposite spindle poles. However, microtubules capture kinetochores randomly, making it possible for a given kinetochore to attach to microtubules emanating from the same spindle pole as the sister kinetochore, both spindle poles, or neither spindle pole. In contrast to proper attachments, which produce tension across sister kinetochores, most improper attachments fail to produce such tension. In order to eliminate aberrant attachments, the cell relies on the cooperative functions of error correction and the spindle assembly checkpoint. The error correction pathway severs microtubule-kinetochore attachments that are not under tension while the spindle assembly checkpoint prevents anaphase onset until all kinetochores are stably bound to microtubules ( Here, we examine chromosome segregation fidelity across multiple mammalian cell types within their native tissues and as cultured cells. We find that epithelial cells have high chromosome segregation fidelity in tissues but that this is lost when tissue structure is disrupted. Using organoid culture systems, we show that tissue architecture, specifically integrin function, is required for chromosome segregation fidelity in epithelia. We find that tissue architecture enhances the correction of merotelic attachments, and that this is especially important for accurate chromosome segregation in the polyploid liver. Our results highlight the importance of external factors in governing chromosome segregation fidelity in epithelia, suggest that disruption of tissue architecture could underlie chromosome instability in cancer, and reveal the limitations of cell culture systems for faithful recapitulation of fundamental cellular processes.
RESULTS

Tissue Architecture Is Required for Chromosome Segregation Fidelity in Epithelia
To evaluate chromosome segregation in primary cells, we isolated five proliferative tissues from mouse: mammary gland during pregnancy, embryonic skin, neonatal liver, embryonic brain, and lymph nodes during an immune response. We then analyzed the mitoses of mammary epithelial cells, keratinocytes, hepatocytes, neural progenitor cells, and T cells in their native tissues and after the cells had been dissociated and expanded in culture for up to 48 hr ( Figure 1A ). We quantified chromosomes missegregation in two different ways: (1) lagging chromosomes in anaphase and (2) micronuclei in telophase ( Figure 1B) . For mammary gland, skin, and neonatal liver, we never observed lagging chromosomes and micronuclei in the tissue. However, we observed significant increases in these defects when epithelial cells from these tissues were dissociated and expanded in culture ( Figures 1B and 1C ). For embryonic brain and lymph node, we observed a low frequency of chromosome segregation defects in the tissues, and these defects increased slightly but not significantly when the cells were dissociated and expanded in culture ( Figure 1B , note that we never observed micronuclei in lymphocytes, which could be due to these cells having short anaphase spindles that favor the incorporation of lagging chromosomes into the main nuclei during telophase). Importantly, the increase in chromosome missegregation in dissociated cells was not secondary to polyploidization or supernumerary centrosomes, as there was little to no increase in the number of mitotic cells harboring supernumerary centrosomes within the first 48 hr of culture ( Figure S1A ). These results lead to the surprising conclusion that chromosome segregation fidelity depends on the tissue environment for several cell types.
The tissue and cell culture environments differ in many ways. When cells are dissociated from their tissues and expanded in culture, they lose their canonical adhesions to other cells and the extracellular matrix, and consequently may lose their native shape and polarity. Beyond these structural changes, cells in culture are exposed to different extracellular signals and atmosphere compared to cells in tissues. Any or all of these alterations could in principle influence chromosome segregation. However, the observation that the tissue environment was important for chromosome segregation fidelity in some but not all cell types provided insight into the tissue dependence. The cell types that experienced increased chromosome missegregation upon dissociation-mammary epithelial cells, keratinocytes, and neonatal hepatocytes-naturally divide within an epithelium and maintain adhesions to neighboring cells and the extracellular matrix when doing so (Ragkousi and Gibson, 2014) ( Figure 1A) . In contrast, cell types for which the tissue environment contributed little to chromosomes segregation fidelity-neural progenitor cells and T cells-normally migrate to less structured areas, the ventricular zone and lymph node, respectively, to divide (Kriegstein and Alvarez-Buylla, 2009; Neumann et al., 1992) ( Figure 1A) .
We hypothesized that disruption of epithelial architecture causes chromosome missegregation in cells that naturally divide within an epithelium. To test this, we cultured mammary epithelial cells in Matrigel as this produces spheroids that resemble the acini of the mammary epithelium (Jechlinger et al., 2009). After 48 hr in Matrigel, cells formed small clusters that had neither a central lumen nor defined apicobasal polarity (henceforth immature spheroids, Figure 1D ). However, after 96 hr in Matrigel the majority of cells formed spheroids with a singlecell layer surrounding a central lumen (henceforth mature spheroids, Figure 1D ). These cells had apicobasal polarity as evidenced by the basal localization of the cell-matrix adhesion protein a6 integrin and the apical ribbon of the tight junction protein ZO-1 ( Figure 1D ). The immature and mature spheroids thus provided conditions that were equivalent in all respects except for the duration of culture in Matrigel and the absence or presence of epithelial architecture. Notably, cells in immature spheroids had similar levels of chromosome missegregation as dissociated cells (Figures 1E and 1B) . In contrast, chromosome segregation fidelity was significantly improved in mature spheroids ( Figure 1E ). As was true for dissociated cells, the increased chromosome missegregation in immature spheroids was not secondary to polyploidization or supernumerary centrosomes ( Figure S1B) Figure 2B ). Among the spheroids, there were significant differences in the dimensions of mitotic cells in immature and mature spheroids; however, the magnitude of the centroid difference (4.37 mm) was far less than that for mitotic cells in mammary gland compared to dissociated cells (33.12 mm; Figures 2A  and 2C ). That culturing cells as immature spheroids resulted in a dramatic rescue in cell shape compared to dissociated mammary epithelial cells, but did not improve chromosome segregation fidelity, argues against the cell shape changes that occur in the absence of tissue architecture as driving the observed chromosome segregation defects.
Across epithelia, integrin-mediated adhesion to the extracellular matrix plays a critical role in establishing intracellular polarity (Lee and Streuli, 2014). To test the importance of integrin-mediated adhesion and downstream polarity, we depleted b1 integrin in mature spheroids ( Figure S2E ). Depleting b1 integrin disrupted spheroid architecture, with cells occluding the lumen, and eliminated cell polarity, with loss of the apical ribbon of ZO-1 and basal localization of a6 integrin (Akhtar and Streuli, 2013) ( Figure 2D ). b1 integrin knockout also subtly altered cell shape, with centroids of mitotic cells in control and knockout spheroids differing by 1.69 mm ( Figure 2E ). Importantly, loss of b1 integrin caused chromosome segregation defects at a frequency similar to that of immature spheroids and dissociated mammary epithelial cells (Figures 1E, 1B, and 2F) . As with all other cases of disrupted tissue architecture, the increased chromosome missegregation was not due to supernumerary centrosomes (Figure S2F) . These results indicate that integrin-mediated adhesion to the extracellular matrix is required for chromosome segregation fidelity in epithelia. Although loss of b1 integrin did subtly alter cell shape, making it possible that cell shape changes underlie the chromosome segregation defects, the small magnitude of this change relative to the overall dimensions of the cells makes this unlikely. These results, in conjunction with our observations in immature spheroids where b1 integrin is present but polarity has yet to be established, suggest that tissue architecture facilitates chromosome segregation fidelity through integrin-mediated establishment of cell polarity.
Tissue Architecture Enhances the Correction of Merotelic Microtubule-Kinetochore Attachments We next sought to determine how tissue architecture influences chromosome segregation. The frequency with which merotelic attachments persist as lagging chromosomes depends on their rate of formation and the extent to which they are eliminated by the coupled activity of error correction and the spindle assembly checkpoint (Cimini et al., 2003, 2006) . We used immature and mature spheroids to gain mechanistic insight as they provide a genetically and environmentally equivalent system for testing the role of tissue architecture.
We first investigated whether tissue structure influences chromosome segregation via gene expression changes or post-transcriptional effects. To this end, we performed RNA sequencing on spheroids after 48 and 96 hr of culture in Matrigel, when the majority of spheroids are immature and mature, respectively. Gene expression analysis revealed that spheroids after 48 and 96 hr in Matrigel were transcriptionally more similar to each other than to dissociated mammary epithelial cells cultured for the same duration ( Figure S3A ). Gene set enrichment analysis revealed that genes involved in epithelial-mesenchymal transition were upregulated in 48-hr spheroids, perhaps reflecting the absence of epithelial architecture ( Figure S3B ). Hallmark gene sets enriched in 96-hr spheroids included E2F targets, consistent with the observed increase in mitotic index at this time (Figure S3B) . Indeed, the expression of genes that drive proliferation, such as Ccnb1, was 1.2-fold higher in spheroids after 96 hr compared to 48 hr ( Figure 3A ). Expression of chromosome segregation genes, those mediating microtubule-kinetochore attachment, error correction, and the spindle assembly checkpoint, was also elevated in 96-hr spheroids ( Figure 3A) . However, the fold increase in chromosome segregation genes was similar to that of proliferative genes, indicating that, per mitotic cell, the expression of genes regulating chromosome segregation is equivalent in the two types of spheroids ( Figure 3A ). This suggests that tissue architecture influences chromosome segregation in a post-transcriptional manner. We then analyzed the mitoses in immature and mature spheroids to identify evidence of increased formation or reduced elimination of merotelic attachments in the absence of architecture. We first examined mitotic progression by live imaging of spheroids from mice expressing centrin 2-GFP and H2B-mCherry fusion proteins to reveal centrosome and chromosome movement, respectively. By analyzing chromosome movement we observed that the time from prometaphase to anaphase was significantly longer in immature compared to mature spheroids ( Figure 3B , first and third columns, Videos S1, S2, S3, and S4). We then analyzed centrosome movement with respect to chromosome movement and found that much of the increased duration of mitosis in immature spheroids occurred after the centrosomes had moved to opposite sides of the condensed chromosomes, although this difference was not statistically significant ( Figure The error correction pathway severs erroneous microtubulekinetochore attachments to produce an unbound kinetochore that activates the spindle assembly checkpoint and serves as a substrate for future microtubule binding. We observed that in 12% (3 of 26) of immature spheroid mitoses individual chromosomes were expelled from the metaphase plate and moved toward the spindle pole ( Figure 3F, top panel, arrowheads) . We never observed such events in mature spheroids (0 of 30, Figure 3F, bottom panel) . The poleward movement of chromosomes could reflect a sudden loss of microtubule attachment from the opposite spindle pole (Lampson et al., 2004 ). This observation, coupled to the prolonged activation of the spindle assembly checkpoint, suggests that the error correction pathway is destabilizing erroneous attachments but that proper attachments are not readily established in immature spheroids. It remains to be determined how tissue architecture promotes error correction. We did not observe any significant differences in the shape of the mitotic spindle or the density of spindle microtubules that were conserved in both cases of disrupted spheroid architecture (immature spheroids and b1 integrin knockout spheroids) (Figures S3C-S3F ). We suspect that tissue architecture influences another aspect of the spindle, such as tension, which in turn influences how easily proper attachments are established once chromosomes have congressed to the metaphase plate. 4A and S4B) . However, in contrast to prior studies, we observed very few lagging chromosomes and micronuclei in regenerating livers ( Figure 4B ). Nonetheless, this high accuracy of chromosome segregation was dependent on tissue architecture as we observed high levels of chromosome missegregation when we dissociated adult hepatocytes and expanded them in culture (Figures 4B-4D) . Similarly, we observed a significant increase in lagging chromosomes in regenerating livers depleted of b1 integrin without an obvious alteration in cell shape, although the effect was not as dramatic as that for b1 integrin knockout in spheroids (legend continued on next page) segregation fidelity in polyploid cells, there was no significant increase in the prevalence of multipolar anaphases in either dissociated hepatocytes or b1 integrin knockout livers, arguing that the increased chromosome missegregation was not secondary to impaired centrosome clustering (Kwon et al., 2008) (Figure S4B) . Thus, while polyploid hepatocytes retain the capacity to cluster centrosomes when tissue architecture is disrupted, they lose the ability to correct merotelic attachments. This supports our conclusion that tissue architecture facilitates the correction of merotelic attachments throughout epithelia, as we find that tissue architecture has its greatest impact on chromosome segregation fidelity in cells harboring supernumerary centrosomes.
To test whether the chromosome segregation defects we observed led to genomic alterations, we sequenced singlehepatocyte nuclei from hepatocytes after liver regeneration and from dissociated hepatocytes that were expanded in culture for an equivalent number of population doublings. Compared to liver before regeneration, there was a slight but insignificant increase in the frequency of aneuploid chromosomes after regeneration (Knouse et al., 2014) ( Figure 4F ). However, expanding hepatocytes in culture led to a 5-fold increase in aneuploidy, nearly consistent with the 6-fold increase in lagging chromosomes (Figures 4F and 4B) . Neural progenitor cells expanded in culture for an equivalent number of population doublings did not accumulate any aneuploidy, consistent with them not manifesting high levels of chromosome missegregation as dissociated cells (Figures 1B and 4F) . We conclude that tissue architecture, through enhanced correction of merotelic attachments, provides genomic stability even to polyploid epithelia. This resolves the conflicting reports of high levels of chromosome missegregation and aneuploidy in cultured hepatocytes but low levels of aneuploidy in the liver (Duncan et al., 2010, 2012; Knouse et al., 2014).
DISCUSSION
Control of Chromosome Segregation Fidelity in Epithelia
We investigated external influences on chromosome segregation fidelity by analyzing mitosis in several cell types in their native tissues and in culture. We find that for three epitheliamammary gland, skin, and liver-the epithelial cells' external environment influences chromosome segregation fidelity. A conserved feature of these tissues is that they require epithelial cells to adopt defined shape and polarity for the tissue to provide barrier or transport function. This shape and polarity are dictated by extracellular cues. The cells maintain these characteristics throughout cell division, presumably to maintain tissue function (Ragkousi and Gibson, 2014). We find that features imposed by the larger tissue also promote proper chromosome segregation. As a result, when tissue architecture is disrupted, and cells lose the extracellular cues that influence intrinsic features such as polarity and shape, these cells also lose chromosome segregation fidelity. This might explain in part why cell division and epithelial morphogenesis are temporally separated during development (Grosshans and Wieschaus, 2000) .
We demonstrate that tissue architecture facilitates chromosome segregation fidelity by enhancing the correction of merotelic attachments. Our results suggest, but do not prove, that this occurs via integrin-mediated establishment of polarity and not through external regulation of cell shape. There are established links between integrins, polarity, and the mitotic machinery. Integrin-mediated polarity influences mitotic spindle orientation via the polarized proteins LGN and NuMA interacting with dynein to position astral microtubules (Bergstralh et al., 2013; Lechler and Fuchs, 2005). Thus, it is plausible that integrin-mediated establishment of polarity could influence the mitotic spindle in a way that promotes proper microtubule-kinetochore attachments. Although we did not observe defects in spindle formation or morphology in the absence of tissue architecture, it is possible that interactions between polarity factors at the cell cortex and astral microtubules increase tension exerted across the spindle, which would in turn facilitate the correction of merotelic attachments. Determining how factors at the cell cortex influence the formation of proper microtubule-kinetochore attachments is an important future direction. Of note, we tried to test the role of cell polarity directly by culturing primary epithelial cells on micropatterns but were unable to achieve sufficient adhesion and proliferation of primary epithelial cells on the patterns to investigate chromosome segregation.
Not all cells depend on their native environments for chromosome segregation fidelity. For tissues in which cells do not divide in the context of a defined architecture-embryonic brain and lymph node-we did not observe a significant increase in chromosome segregation defects when cells were dissociated and expanded in culture. This suggests that cells that divide outside of the context of epithelial architecture regulate chromosome segregation entirely via intrinsic mechanisms and this renders the fidelity of this process independent of the external environment. However, it is possible that these autonomous mechanisms are not as robust as those provided by the tissue environment. While we never observed lagging chromosomes in the mammary gland, skin, or neonatal liver, we did on occasion observe lagging chromosomes in the embryonic brain and lymph node. Whether these subtle differences in chromosome segregation defects translate to physiologically relevant differences in chromosome stability across tissues, and whether these trends hold for other cell types not investigated in this present study, remains to be determined. In this vein, we note that appreciable levels of chromosome The Importance of Context Cell culture systems have greatly advanced our understanding of many cellular processes. However, our finding that primary epithelial cells in culture do not undergo chromosome segregation with the same fidelity as in tissues has several implications. Given the intimate link between chromosome stability and cell viability, our observation stresses the importance of utilizing organotypic culture systems that recapitulate tissue architecture for any pursuits requiring the long-term or high-fold expansion of primary epithelial cells outside of their native tissue. More broadly, our findings show that a process as intracellular as chromosome segregation is still influenced by extracellular context. We expect that chromosome segregation is not the only process subject to such dependence. While cell culture systems can certainly provide a tractable means of investigating cell biology, consideration must also be given to the larger context.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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METHOD DETAILS Tissue dissociation
Mammary epithelial cells Mammary glands from a single 6-to 8-week-old female mouse were harvested and digested in 10 mL DMEM-F12 with 2.5 mM L-glutamine, 25 mM HEPES, 100 U/mL and 100 mg/mL penicillin-streptomycin, 20 mg/mL Liberase TM (Roche), and 150 U/mL collagenase III at 37 C with 5% CO 2 for 16 hr. Digested tissue was resuspended with gentle trituration, diluted with 25 mL PBS, and pelleted at 1,000 RPM at room temperature for 5 min. The supernatant was aspirated to remove all but 5 mL of PBS and an equal volume of 0.25% trypsin-EDTA was added. Digested tissue was trypsinized at 37 C with 5% CO 2 for 45 min with occasional agitation. Trypsin was inactivated by adding 25 mL of DMEM-F12 with 2.5 mM L-glutamine, 25 mM HEPES, 100 U/mL and 100 mg/mL penicillin-streptomycin, and 10% FBS. Cells were treated with 100 mL of 1 mg/mL DNase and pelleted at 1,000 RPM at room temperature for 5 min. Cells were resuspended in phenol red-free Mammary Epithelial Basal Medium (MEBM) with growth factors (Lonza). Keratinocytes Neonatal (one-day-old) male and female mice were decapitated and cleaned with betadine followed by isopropyl alcohol. Skin was removed and floated on 0.25% trypsin in PBS at 4 C for 16 hr. Epidermis was peeled from dermis, transferred to DMEM with 10% FBS, minced using a razor blade, and triturated using a serological pipette. Cells were centrifuged at 150 g at 4 C for 5 min, resuspended in DMEM with 10% FBS, and passaged through at 70 mm mesh strainer. Cells were again pelleted, resuspended in Complete Defined Keratinocyte Serum-Free Medium (Thermo Fisher Scientific), and passaged through another 70 mm mesh strainer. Neonatal hepatocytes Livers were isolated from neonatal (8-to 10-day-old) male and female mice, cut into small pieces, and incubated in disruption solution (HBSS without calcium and magnesium, 25 mM HEPES, 0.5 mM EDTA, and 0.9 mM MgCl 2 , pH 7.4) at 37 C with shaking for 10 min. This step was repeated twice with fresh disruption solution. Liver pieces were then incubated in digestion solution (HBSS with calcium and magnesium, 25 mM HEPES, and 0.05% collagenase IV, pH 7.4) at 37 C with shaking for 5 min. Remaining liver pieces were transferred to fresh digestion solution for another 5 min and the two digestion solutions were combined. The suspension was triturated with a serological pipette, passed through a 70 mm filter, and diluted in hepatocyte medium (DMEM with 4.5 g/L glucose, 10% FBS, 1X MEM Non-Essential Amino Acids) (Thermo Fisher Scientific). Cells were pelleted at 30 g at 4 C for 3 min, resuspended in 5 mL hepatocyte medium, and combined with 5 mL Percoll-HBSS (4.5 mL Percoll, 0.5 mL 10X HBSS). Cells were pelleted at 150 g at 4 C for 3 min, washed with hepatocyte media, and resuspended in SUM3 media (75% DMEM with 4.5 g/L glucose, 25% Waymouth's MB 752/1, 0.5% FBS, 2 mM L-glutamine, 10 mM HEPES, 50 ng/mL epidermal growth factor, 1 mg/mL insulin, 30 nM sodium selenite, 10 mg/mL transferrin, 50 ng/mL somatotropin, 670 ng/mL triiodo-L-thyronine). Adult hepatocytes 8-week-old male mice were anesthetized with 2% isoflurane-oxygen delivered via nosecone. The liver was perfused with disruption solution for 10 min followed by digestion solution for 10 min by incising the portal vein with a 25G needle attached to a peristaltic pump. The inferior vena cava was incised immediately after perfusion began to allow fluid outflow. After perfusion was complete, the digested liver was transferred to 10 mL fresh digestion solution, shaken to liberate cells, triturated with a serological pipette, passaged through a 100 mm filter, and diluted with 10 mL hepatocyte medium. Cells were pelleted at 30 g at 4 C for 3 min, resuspended in 12 mL hepatocyte medium, and combined with 12 mL Percoll-HBSS (10.8 mL Percoll, 1.2 mL 10X HBSS). Cells were pelleted at 150 g at 4 C for 3 min, washed with hepatocyte medium, and resuspended in SUM3 media.
Neural progenitor cells
Brains were isolated from male and female embryos at 12.5 to 14.5 days gestation and minced into small pieces in PBS with 2% glucose. Brain pieces were transferred to 0.25% trypsin in EDTA and incubated at 37 C for 15 min. An equal volume of NeuroCult proliferation medium with FBS (80% NeuroCult NSC Basal Medium, 10% NeuroCult NSC Proliferation Supplement, 10% FBS) (STEMCELL Technologies) was added to trypsin solution and tissue was triturated extremely gently using a P1000 pipette tip five times. Cells were centrifuged at 150 g at room temperature for 5 min. The pellet was triturated once in 1 mL NeuroCult proliferation medium with FBS, dissolved in an additional 2 mL NeuroCult proliferation medium with FBS, passaged through a 40 mm filter, and resuspended in NeuroCult proliferation medium with EGF (90% NeuroCult NSC Basal Medium, 10% NeuroCult NSC Proliferation Supplement, 20 ng/mL epidermal growth factor) (STEMCELL Technologies). T cells Spleens were harvested from 6-to 8-week-old male mice, homogenized through a 100 mm filter into 5 mL RPMI 1640 medium using a 1 mL syringe plunger, and centrifuged at 400 g at room temperature for 5 min. Cells were resuspended in 100 mL of supernatant, combined with 900 mL sterile water for 2 s to lyse erythrocytes, followed immediately by 100 mL of 10X PBS and 5 mL of RPMI 1640 medium. Cells were passed through a 40 mm filter, counted, and pelleted at 400 g at room temperature for 5 min. Cells were resuspended in 40 mL MACS buffer (2 mM EDTA and 0.5% BSA in PBS) per 10 7 cells. CD8 T cells were then isolated using the mouse CD8a + T Cell Isolation Kit (Miltenyi Biotech) according to manufacturer instructions.
Cell culture Mammary epithelial cells
To culture mammary epithelial cells as monolayers, dissociated cells were cultured in MEBM with supplements on dishes coated with 30 mg/mL collagen I at 37 C with 5% CO 2 for 24 hr. Cells were then washed with PBS three times and treated with 0.25% trypsin-EDTA at 37 C for 45 s to remove contaminating fibroblasts. Remaining cells were then trypsinized with 0.25% trypsin-EDTA at 37 C for 6 min and resuspended in DMEM-F12 with 2.5 mM L-glutamine, 25 mM HEPES, 100 U/mL and 100 mg/mL penicillin-streptomycin, and 10% FBS. Cells were pelleted at 1,000 RPM for 5 min, washed with PBS, resuspended in MEBM with supplements, 1 mM progesterone, 1 mg/mL prolactin, plated on coverslips coated with 30 mg/mL collagen I, and incubated at 37 C with 5% CO 2 for 24 hr. To culture mammary epithelial cells as spheroids, cells were trypsinized and washed as above and resuspended in MEBM with supplements at 7 3 10 5 cells per mL. Cells were then combined with four volumes of phenol red-free, growth factor-reduced Matrigel (Corning) and 100 mL gels were cast in individual wells of 24-well glass-bottom plates (Mat Tek). Gels were polymerized at 37 C for 30 min before adding 500 mL of MEBM with supplements,1 mM progesterone, 1 mg/mL prolactin. Gels were cultured at 37 C with 5% CO 2 for 24 to 96 hr, with medium changed after 48 hr of culture. To deplete b1-integrin in spheroids, 100 nM 4-hydroxytamoxifen (4-OHT) was added to the medium of Cre-ER T2 ;Itgb1 flox/flox or Cre-ER T2 ;Itgb1 +/flox mammary epithelial cells for the 24 hr of culture in a monolayer and the first 48 hr of culture in Matrigel. To inhibit the spindle assembly checkpoint, 500 nM reversine (Cayman) was added to medium 2 hr prior to fixation or imaging. Keratinocytes Dissociated cells were cultured in Complete Defined Keratinocyte Serum-Free Medium (Thermo Fisher Scientific) on coverslips coated with 10 mg/mL fibronectin at 37 C with 5% CO 2 for 24 hr. Hepatocytes Dissociated cells were cultured in SUM3 medium on coverslips coated with 30 mg/mL collagen I at 37 C with 5% CO 2 for 48 hr. Neural progenitor cells Dissociated cells were cultured in NeuroCult proliferation medium with EGF on coverslips coated with 5 mg/mL CellAdhere Laminin-521 (STEMCELL Technologies) at 37 C with 5% CO 2 for 48 hr. T cells Individual wells of a 6-well plate were coated with 0.5 mg/mL CD3ε antibody (clone 145-2C11, BioLegend), 5 mg/mL CD28 antibody (clone 37.51, BioLegend) and 11.25 mg/mL Retronectin (Takara Bio) in 4 mL PBS at 4 C overnight. Wells were then blocked with 2% BSA in PBS for 30 min and washed with PBS twice. Isolated T cells were cultured in T cell medium (90% RPMI 1640, 10% FBS, 2 mM glutamine, 50 U/mL and 50 mg/mL penicillin-streptomycin, 50 mM 2-mercaptoethanol, 1.7 mM insulin, 68.8 mM transferrin, and 38.7 nM sodium selenite) along with 0.5 ng/mL IL-7 (R&D Systems) and 20 ng/mL IL-2 (R&D Systems) at 2.5 3 10 6 cells per well at 37 C with 5% CO 2 for 36 hr.
Immunostaining Tissues were fixed in 4% paraformaldehyde in PBS at room temperature for 16-24 hr. Fixed tissues were washed with PBS, cryoprotected with 30% sucrose, and frozen in O. C. T. Compound (Tissue-Tek). Slides with 6 to 30 mm-thick sections were prepared using a cryostat and stored at À80 C until use. Slides were dried at room temperature for 4-24 hr, rehydrated in PBS for 15 min and, if antigen retrieval was necessary, boiled in sodium citrate buffer (10 mM tri-sodium citrate dihydrate, 0.05% Tween 20, pH 6.0) for 20 min. Slides were washed with PBS, dried briefly, and sections outlined with a hydrophobic pen. Sections were incubated with extraction buffer (1% Triton X-100 in PBS) for 15 min followed by incubation in blocking solution (3% BSA, 0.3% Triton X-100 in PBS) for 1 hr at room temperature. Sections were incubated with primary antibodies diluted in blocking solution at room temperature for 16-24 hr. Sections were washed three times with blocking solution for 10 min each and then incubated with secondary antibodies diluted in blocking solution with 5 mg/mL Hoechst 33342 (Thermo Fisher Scientific) at room temperature for 1-2 hr. Sections were washed with blocking solution for 5 min twice and once with PBS for 5 min. Sections were mounted with ProLong Gold Antifade Reagent (Thermo Fisher Scientific). To immunostain dissociated cells, cells were washed with PBS and fixed with 4% PFA in PBS at room temperature for 10 min or 4% PFA in PBS at room temperature for 5 min followed by ice-cold methanol at -20 C for 5 min. Fixed cells were washed with PBS for 5 min, permeabilized with 0.1% Triton X-100 in PBS (0.1% PBST) for 10 min, and blocked with 4% BSA in 0.1% PBST for 20 min. Primary antibodies were diluted in blocking solution and applied for 30 min. Cells were washed with 0.1% PBST for 5 min thrice. Secondary antibodies were diluted in blocking solution with 5 mg/mL Hoechst 33342 dye (Thermo Fisher Scientific) and applied for 30 min. Cells were washed with 0.1% PBST for 5 min twice followed by a PBS wash for 5 min. All incubations were performed at room temperature. Cells were mounted with ProLong Gold Antifade Reagent.
To immunostain spheroids, gels were washed with PBS and fixed with 4% PFA in PBS at room temperature for 20 min or 4% PFA in PBS at room temperature for 10 min followed by ice-cold methanol at -20 C for 10 min. Fixed gels were washed with PBS for 5 min, permeabilized with 0.5% Triton X-100 in PBS (0.5% PBST) for 20 min, and blocked with 4% BSA in 0.5% PBST for 1 hr with rocking. Primary antibodies were diluted in blocking solution and applied for 16-24 hr with rocking. Gels were washed with 0.5% PBST for 10 min thrice. Secondary antibodies were diluted in blocking solution with 5 mg/mL Hoechst 33342 dye (Thermo Fisher Scientific) and applied for 1-2 hr. Gels were washed with 0.5% PBST for 10 min twice followed by PBS for 10 min. All incubations were performed at room temperature in the original glass-bottom wells. Gels were coated with ProLong Gold Antifade Mountant (Thermo Fisher Scientific).
The following primary antibodies were used: a-Tubulin-FITC (clone DM1A, 1:1,000, Sigma), gtubulin (clone GTU88, 1:500, Sigma), keratin 14 (clone Poly19053, 1:1,000, BioLegend), cytokeratin 8 (clone EP1628Y, 1:1,000, Abcam), pan-cadherin (ab6529, 1:500, Abcam), nestin conjugated to AlexaFluor 647 (ab196693, 1:100, Abcam), CD3 (ab5690, 1:250, Abcam), CENP-C (gift from Iain Cheeseman, 1:10,000), ZO-1 (61-7300, 1:100, Thermo Fisher Scientific), and a6 integrin (clone MAB1378, 1:250, Millipore). All secondary antibodies were various AlexaFluor conjugates (1:1,000, Thermo Fisher Scientific). The gtubulin antibody was directly conjugated using the AlexaFluor 568 Antibody Labeling Kit (Thermo Fisher Scientific). AlexaFluor 568 Phalloidin (1:500, Thermo Fisher Scientific) was added to the secondary antibody solution when desired to visualize F-actin. Images were acquired using a CSU-22 spinning disc confocal head (Yokogawa) with Borealis modification (Andor) mounted on an Axiovert 200M microscope (Zeiss) with a 63X oil immersion objective (Zeiss), an Orca-ER CCD camera (Hamamatsu), and MetaMorph acquisition software (Molecular Devices).
Image analysis
To quantify lagging chromosomes, anaphase cells were identified based on the presence of an anaphase spindle by a-tubulin immunostaining. The criterion for designating a chromosome as lagging was that the entire chromosome was fully separate from the main mass of segregating chromosomes and contained a centromere as judged by either differential Hoechst staining or by CENP-C immunofluorescence.
To quantify micronuclei, telophase cells were identified based on the presence of a midbody by a-tubulin immunostaining. Micronuclei were defined as Hoechst-positive foci that were distinct from the main nucleus and that also contained a centromere as judged by differential Hoechst staining or by CENP-C immunofluorescence.
To quantify cell shape, samples were stained with phalloidin to label the cell cortex. In tissues, images of interphase and mitotic cells were acquired as z stacks with 0.5 mm spacing. The dimensions were then measured manually using Volocity (PerkinElmer). First, the z plane that was equidistant from either edge of the chromatin was selected. From this position, the longest possible axis was measured and set as the x dimension. The next longest axis perpendicular to the x dimension was measured and set as the y dimension. Finally, the axis perpendicular to the x and y axis, which was necessarily the shortest axis, was measured and set as the z dimension. These dimensions were then graphed in three-dimensional space using Python and Plotly. For dissociated cells from mammary gland, skin, neonatal liver, and embryonic brain, the smallest dimension, and thus the z dimension, always corresponded to the height of the cell relative to the coverslip.
To analyze mitotic spindle morphology and microtubule density within the spindle, images of metaphase cells in which the mitotic spindle was parallel to the imaging plane were acquired as z stacks with 0.5 mm spacing. The z plane in the middle of the spindle was used for all measurements. To measure microtubule density, the mitotic spindle was outlined and the a-tubulin signal per mm was calculated. A region of cytoplasm was similarly outlined and the a-tubulin signal per mm was calculated. The background signal was subtracted from the spindle signal to arrive at the spindle intensity per mm. All spindle dimension and intensity measurements were acquired using Volocity (PerkinElmer). The spindle skew angle was measured using FIJI. Live imaging and analysis Mammary epithelial cells from Centrin 2-GFP;H2B-mCherry mice were combined with Matrigel as described above and gels were cast in 35 mm glass-bottom dishes (Mat Tek). Dishes were imaged under an incubated stage set to 37 C with 5% CO 2 (Pathology Devices). Images were acquired using a CSU-22 spinning disc confocal head (Yokogawa) with Borealis modification (Andor) mounted on an Axiovert 200M microscope (Zeiss) with a 40X water immersion objective, an Orca-ER CCD camera (Hamamatsu), and MetaMorph acquisition software (Molecular Devices). Only cells that entered mitosis after imaging began were considered for analysis. If the cell did not enter anaphase before imaging ceased, it was analyzed only if it had been in mitosis for at least 60 min. In these cases, the duration of prometaphase to anaphase was the time interval from the start of mitosis to the end of imaging. Prometaphase was defined as the first frame when individual chromosomes could be observed beyond the spherical confines of the nucleus. Anaphase was defined as the first frame that chromosomes were pulled toward opposite poles. The establishment of a bipolar spindle was defined as the first frame when the Centrin 2-GFP foci formed a 180 angle with respect to one another based on a line drawn from one centrin focus through the center of the condensing chromatin. Chromosome congression was defined as the time elapsed between the appearance of individual chromosomes beyond the spherical confines of the nucleus and the formation of a metaphase plate. Single nucleus or cell sequencing To isolate nuclei from regenerated livers, livers were harvested from mice ten days after partial hepatectomy, pressed through a 40 mM filter into sucrose buffer (250 mM sucrose, 5 mM MgCl 2 , 10 mM Tris-Cl pH 7.4), centrifuged at 600 g at 4 C for 10 min, resuspended in sucrose buffer, and centrifuged and resuspended again. To isolate nuclei from hepatocytes expanded in culture, hepatocytes were cultured in SUM3 medium for four days, trypsinized, washed with PBS, incubated in 0.2X PBS on ice for 10 min, lysed with a dounce homogenizer for 8 strokes, centrifuged at 1,000 g at 4 C for 10 min, resuspended in sucrose buffer, and centrifuged and resuspended again. To isolate neural progenitor cells, neural progenitor cells were cultured in NeuroCult proliferation medium with EGF for four days, washed with PBS, dissociated with StemPro Accutase (Thermo Fisher Scientifc), resuspended in NeuroCult proliferation medium, and gently triturated. To isolate single nuclei or neural progenitor cells, 0.25 3 10 4 nuclei or cells were added to 20 mL of sucrose buffer or medium in a 15 cm plate. Single cells and nuclei were isolated using a homemade microaspirator and transferred to 8 mL water in a 96-well plate. The microaspirator needle was cleaned with 10% (vol/vol) bleach followed by water after transferring each cell or nucleus. Cells and nuclei were lysed and genomic DNA amplified using the GenomePlex Single Cell Whole Genome Amplification Kit (Sigma). All reagents were added using aerosol-resistant pipette tips in a laminar flow hood. After amplification, 4 mL of each sample were analyzed by agarose gel electrophoresis. Samples producing a smear ranging from 100 to 1,000 bp were sequenced. Samples were cleaned with paramagnetic beads (Beckman Coulter), normalized to 0.2 ng/mL, and libraries prepared using NexteraXT (Illumina) preformed at 1/12 reaction volume on a Mosquito HV (TTP Labtech). Samples were sequenced using a HiSeq2000 (Illumina) using 40 nucleotide single-end reads. Sequence reads were trimmed to 40 nucleotides and aligned to the mouse genome (mm9) using BWA (0. Fluorescence in situ hybridization (FISH) Liver sections were immunostained for pan-cadherin as described above. After final washes, sections were fixed with 2% paraformaldehyde in PBS for 10 min and washed three times with PBS for 5 min each. Hydrophobic ink was removed and slides were incubated in 2 3 SSC for 5 min, followed by incubation in 50% formamide in 2 3 SSC for 2 hr. Fluorescently labeled probes targeting different regions of mouse chromosome 16 (RP23-354F11 and RP23-18M23) (Empire Genomics) were diluted in hybridization buffer as per the manufacturer's instructions and applied to sections. Sections were sealed with a coverslip and rubber cement and incubated in the dark at 45 C for 2 hr to allow probes to infiltrate the section. This was followed by incubation at 85 C for 5 min to denature the DNA. Hybridization was performed in the dark at 37 C for 48 hr. Slides were then washed with 0.4 3 SSC containing 0.3% NP-40 for 2 min at 73 C, followed by 2 3 SSC containing 0.1% NP-40 for 1 min at room temperature. Slides were incubated in 0.05 mg/mL DAPI in 2 3 SSC for 30 min and mounted with ProLong Gold Antifade Reagent (Life Technologies). Images were acquired on a spinning disk confocal microscope (PerkinElmer) and analyzed using the Volocity software package (PerkinElmer).
Immunoblotting
Partial hepatectomies
QUANTIFICATION AND STATISTICAL ANALYSIS
General statistics
The number of biological replicates, the number of cells analyzed per biological replicate, and the statistical test performed are indicated in the figure legends. A biological replicate was defined as tissue or cells harvested from a single mouse. All statistical tests except those for cell shape were performed using Prism (GraphPad). For all statistical tests, a cutoff of p < 0.05 was used to indicate significance.
Statistics for chromosome segregation defects
To determine the prevalence of lagging chromosomes and micronuclei in cells, the final percentage and standard deviation were calculated across pooled replicates. This was necessary because of significant variability in the number of mitotic cells obtained across biological replicates. Notably, in all cases where the prevalence of lagging chromosomes or micronuclei exceeded 2%, lagging chromosomes and micronuclei were observed across multiple replicates.
Statistics for cell shape
To determine whether the dimensions of cells in any two conditions were significantly different, permutation tests of the group centroids were performed in Python. First, the centroid for each condition was determined and the distance between the centroids for the two different conditions was calculated. To calculate the centroid distances that could be observed under the null hypothesis of no difference between the two conditions, the measurements (each measurement being a set of x, y, and z values) from all cells in the two conditions were randomly assigned to two different groups containing the same number of cells as the two original conditions. The difference between the centroids of these two new groups was calculated. This randomization was repeated 10,000 times. The permutation p value indicates the proportion of times the randomized centroid distances were greater than or equal to that of the centroid distance between the two conditions. This p value was then adjusted for multiple hypothesis testing using the Benjamini and Hochberg method. 
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